It is shown that a pair of identical emitters (e.g. wire dipole antennas) in the focal points of a disc, made of left-handed metamaterial (a "perfect" lens), form a non-radiating electromagnetic configuration. The emitters are fed with voltages of equal magnitude and π-out-of-phase. Detailed finite-difference time-domain (FDTD) modeling shows that there are non-propagating electromagnetic fields generated -fields that remain confined within the region between the emitters and the lens. The energy balance of the system shows that the radiation resistance of the system is very low. This means that the input power is converted to heat in the volume of the lens and only a small fraction of it is radiated. The system performance shows that disturbing the configuration of the non-propagating electromagnetic fields with the presence of an externally introduced object stimulates radiation. This suggests possible detector applications. In-phase feeding voltages are also studied with the consequence that the radiation resistance of the antennae is increased.
Introduction
Non-radiating electromagnetic configurations are oscillating charge-current distributions that do not produce electromagnetic radiation -i.e. their electromagnetic fields are zero in the radiation zone. Considering currents driven by voltages, as is the case with a normal wire antenna, a "non-radiating" would be a system with zero radiation resistance. Indeed, trivial cases, such as a wire-loop in a quasi-static regime, or a standard capacitor, are known not to radiate, and are of no interest. Important electromagnetic non-radiating systems first appeared in the context of atomic and particle physics problems [1] [2] [3] . The general conditions under which a charge-current configuration does not emit radiation have been derived in [1, 4] and the existence of nontrivial non-radiating structures has been established [1, 2] . As defined [5] a "non-radiating" source -to a partial differential equation -is a source that generates zero "field" outside its own volume. Apart from electrodynamics, the problem is of interest in other branches of physics, such as acoustics and gravitational theory [5] [6] [7] . The motivation for studying non-radiating systems is, in part, driven by the practical importance of the socalled inverse-source problems [8] [9] [10] [11] that involve reconstructing the sources from the fields they generate. In the general case, however, the absence of additional constraints would make it impossible to reconstruct the mathematical form of a wave source from information about the fields outside the volume of this source [8] . This fundamental nonuniqueness of the solution of the inverse-source problem has been shown to be related to the existence of nontrivial "nonradiating" solutions of the corresponding source-field problem. On the other hand, a class of "purely radiating" sources, complementary to the nonradiating ones has also been identified and the possibility for decomposing the source into a sum of nonradiating and "purely radiating" parts has been investigated [7, 10] . In a way it is only the "purely radiating" component of the source that can communicate with the outside world, but, on the other hand, the nonradiating part plays a role in the internal dynamics of the system. Non-radiating electromagnetic systems can be constructed by combining infinitesimal toroidal and supetoroidal currents with electric or magnetic dipoles [12, 13] . In particular, the electromagnetic fields of a toroidal solenoid and an electric dipole placed in the center of the toroid will compensate each other under certain conditions. It is interesting that electromagnetic potentials survive in the latter case. In fact the conditions for absence of electromagnetic potentials and electromagnetic fields are not identical [11] . The condition for the absence of radiation [1, 2] is a condition for absence of electromagnetic potentials. While the absence of electromagnetic potentials automatically ensures the absence of electromagnetic fields, the opposite is not true: in principle finite electromagnetic potentials can exist in the absence of electromagnetic fields, which means that the condition for absence of radiation [1] is not a necessary one. A necessary and sufficient condition for absence of radiation has been derived [4] . In this context it has been shown [14] that the combination of a toroidal solenoid and an electric dipole satisfies the latter necessary and sufficient condition and does not satisfy the more restrictive earlier condition. Moreover, any system with this property will generate non-zero electromagnetic potentials in the absence of electromagnetic fields.
The important question concerning non-radiating electromagnetic structures is what practical applications they might have and several possibilities have already been discussed in the literature. For example, it has been suggested that it should be possible to generate time-dependent electromagnetic potentials in the absence of electromagnetic fields [12, 13] .
In general, a suitably chosen non-radiating system may be used to compensate, partially, the reactive power associated with an antenna [10] , without affecting its far-field radiation pattern in any way, thus improving its performance. It has been shown recently [14, 15] that non-radiating systems in the form of a suitable combination of toroidal and supertoroidal solenoids and electric/magnetic dipoles can be used to measure the relative dielectric permittivity of the ambient material and that, the use of systems involving higher-order supertoroids may be advantageous. From a practical point of view, however, these systems suffer from certain limitations. These are connected with the fact that the radiation pattern of a toroidal or supertoroidal solenoid matches that of an electric or magnetic dipole only when the dimensions of the toroidal solenoid are much smaller than the radiation wavelength. This means that high resolution must be used is such a system is to be modeled numerically [14] .
In addition the radiation resistance of an emitter which is small on a wavelength scale is low.
This complicates possible experimental investigations. Besides, utilizing the "nonpropagating" field, which by definition exists "inside" any non-radiating configuration, would be difficult for a system much smaller than the wavelength.
The aim of the present investigation is to show that the remarkable properties of lefthanded metamaterials (LHM) [16] [17] [18] [19] [20] [21] [22] [23] [24] can be used to produce a non-radiating electromagnetic system capable of creating a non-propagating electromagnetic field on a large scale, compared to the wavelength. The analysis of this problem is extremely wellsuited to the FDTD method [25] which allows the role of LHM in non-radiating configurations to be analyzed in full numerical and to emphasize features that seem to be generic for all non-radiating electromagnetic systems. The results reported later on show that a non-radiating electromagnetic system can be used as a detector because any object disturbing the non-propagating field inside the system causes the system to radiate, thus revealing its presence. It is shown that the sensitivity of such a device is quite high.
As stated earlier a non-radiating electromagnetic system is, in fact, a system with zero (in the ideal case) radiation resistance. The same principle behind the operation of such a non-radiating configuration can be exploited, permitting an increase in the radiation resistance of the common wire-dipole antenna to be achieved. This improves its performance.
This increase occurs in a regime where the antenna length is considerably smaller than one-half of the wavelength (the standard half-wavelength dipole) where the antenna radiation resistance is low. Demands for miniaturization require antenna dimensions to be much lower than the operation wavelength and should low-loss LHMs become available in the future the system considered here may prove to be attractive for device construction.
System design and modeling
The system under investigation and its principle of operation are shown on Fig. 1 (a) and (b , coaxial with a disc of LHM of thickness L and radius R L (a "perfect" lens [16] [17] [18] [19] [20] [21] [22] [23] ). The centers of the dipoles are at the focal points of the lens and are on the system axis. At a later stage, a dielectric object with a square cross-section of size D in the ρ-z plane is introduced to the lensing arrangement, as shown in Fig. 1 (a) . The relative dielectric permittivity of this object is ε P , its internal radius is R P and it is located at a height Z P above the lens. Naturally, due to the cylindrical symmetry the actual shape of this object is a ring.
To create a non-radiating electromagnetic system, the voltages, feeding the antennae must be equal in magnitude and π-out-of phase ( π ϕ = ), which means that their individual fields will be equal in magnitude but π-out-of phase. In order to illustrate the system wiredipoles are used. This is the simplest arrangement to analyze, but any two identical emitters can be used with the same outcomes. The only requirement is that the radiation patterns of the emitters must be symmetric in the sense that the radiation pattern of emitter 1 ( Fig. 1(b) ) must be symmetric with respect to the plane , coaxial with a disc of LHM of thickness L and radius R L (a "perfect" lens). The centers of the dipoles are in the focal points of the lens. A square-shape (in the ρ-z plane) perturbation made of a material with dielectric permittivity ε P of size D at a distance Z P and R P from the surface of the lens and the system axis, respectively, is introduced to study its effect on the system. The lens will prevent the radiation of any two emitters, with symmetric (with respect to the plane O 1 O 2 , in the case of Emitter 1) radiation patterns, driven by π-out-of phase voltages, to escape the system (see the text).
O 1 O 2 and similarly for emitter 2. Identical emitters mean emitters with identical radiation patterns [11] but not necessarily physically identical. For example, emitter 1 could be a toroidal solenoid and emitter 2 could be a suitably chosen infinitesimal electric dipole [12] [13] [14] [15] .
Using the laws of negative refraction a ray originating at emitter 1 and following the path (emitter 1)-A 1 B 1 C 1 ( Fig. 1(b) ) will interfere destructively with a ray emitted by emitter 2, such as A 2 . This is because any phase shift resulting from propagation in air, by traveling along the paths (emitter 1)-A 1 and B 1 C 1 , is compensated by the phase-shift resulting from the propagation along the path A 1 B 1 in the LHM. Thus when a ray emitted by emitter 1 arrives at emitter 2 it is π-out-of phase with the corresponding ray emitted by emitter 2: A 2 in this case.
The same reasoning is valid for any ray emitted by emitter 2 and that impacts upon the lens. (
This "escape angle" can be made arbitrarily small by increasing the radius of the lens.
Alternatively, emitters with a zero in their radiation pattern along a direction perpendicular to system axis (the plane O 1 O 2 ) can be used. In fact vertical electric dipoles are used here, and their radiation pattern has a maximum in a direction perpendicular to the system axis.
Nevertheless, the system performance is very good at reasonable values of the lens radius R L , as will be shown later.
The lens creates an "image" of emitter 1 superimposed on emitter 2 and vice-versa.
The result of the interaction between the emitters and their images is that the electromagnetic energy remains confined in the region between the emitters and the lens and no radiation is generated. This outcome, however, does not contradict the energy conservation law because the energy radiated by the emitters is dissipated by the losses in the lens, as will be shown.
If an object with a dielectric permittivity P ε is present (such as the ring shown on Fig. 1(a)) the situation will change. Suppose that the object is on the ray-path (emitter 1)-A 1 . Even neglecting the possible reflection and the attenuation accompanying the transmission through the object, the ray (emitter 1)-A 1 B 1 C 1 will acquire an additional phase shift, resulting from the propagation through the object. The interference of the original ray with the ray (emitter 2) -A 2 will no longer be destructive, since the phase difference between the two rays is no longer π. As a result, the system will begin to radiate, revealing the presence of the object between the lens and emitter 1. Moreover, a holographic type of image of the object will be created since this image results from the interference between the two coherent sources. The properties of this image, however, are beyond the scope of the present study.
The picture based on the concepts of the ray optics, presented so far, is sufficient to reveal the qualitative features of the device. However, a rigorous -full-wave -analysis is needed if any quantitative characterization is to be achieved. This will enable us to assess what potential applications the system might have. The cylindrical symmetry ( Fig. 1(a) )
reduces the problem to a two-dimensional one. Therefore, the BOR-FDTD method can be used, where BOR stands for bodies-of-revolution [25] . The electromagnetic field components that are not identically zero are ( )
and hence the electromagnetic field configuration is of E-type (TM). The Drude model in its standard form is used for both the relative permittivity ε and permeability μ of the LHM disc, i.e.
where P ω is the effective plasma frequency, ν is the collision frequency and ω is the frequency of the electromagnetic field. Even though the so called F-model ([26] and the references therein) represents the frequency dependence of the effective permeability of the split-ring resonator array, the Drude model in the form (2) , is widely used in the computational studies [19] [20] [21] [22] . Details on the FDTD-modeling of LHMs can be found in [19, 20, 24] .
Special attention is paid to the proper modeling of the sources that couple the electromagnetic energy into the LHM-disc. At relatively low excitation frequencies, which is the case studied here, the finite size of the lens is becomes important. This means that the source have to be sufficiently close to the surface of the LHM so that a significant fraction of the total emitted power can be coupled into the lens. As shown in [22] , however, strong electromagnetic fields exist near the air-LHM interface stretching towards the image plane, and so, in the case studied here, they may influence the sources themselves. Therefore, the applicability of the standard [25] soft-source model, which amounts to specifying the current density inside the wire, or the hard-source one, which specifies ϕ H on the surface of the wire and sets z E to zero inside the wire, for the antennae becomes questionable. Both of them require knowledge of the current distribution inside the antennae and, while in the absence of the lens the latter is known to be sinusoidal [27] , such information is not available when the lens is present.
The "improved" version [28] of the thin-wire model [29] [30] [31] is used for the dipole antennae. The latter model requires no information for the current distribution inside the wire, since this distribution is calculated in a self-consistent manner. Besides, it allows the calculation of the antenna input impedance that takes into account the finite wire radius 0 r , thus producing results in a very good agreement with experimental measurements [31] .
Knowing the antenna input impedance allows the power balance of the systems to be studied in full detail giving the possibility of evaluating its performance. To appreciate this, consider the Poynting's theorem [27] ( )
where J and K are the electric and magnetic current densities associated with the LHM disc and S J is the current density flowing in the feeding gap of each of the antennae. Considering the time-harmonic feeding voltages, time averaging, and integrating over the spatial variables
In (4)
is the total emitted power by the system, in which . stands for time-averaging and dΣ is a surface element. The power-loss is given by
and the input power, supplied by the generator to the electromagnetic field is
Through the input impedance 
In (9), ( )
are input resistance and input reactance, so for a single dipole,
In the presence of losses, which is the case considered here, the input resistance R has two
with ( )
being the loss resistance and the radiation resistance, respectively.
The computational grid used for the FDTD method deployed here is terminated by a perfectly matched layer (PML) [25] . The integration in (5) is performed over a cylindrical surface, situated sufficiently far from the system, close to the PML region [14] . The
, with c being the speed of light in a vacuum. In the absence of a lens the calculations have been benchmarked against [28] with excellent agreement being achieved.
Numerical results
Fig . 2 shows the input power, the emitted power and the losses, given by Eqs. (7), (5) and (6) which means that almost all of the input power is absorbed in the LHM disc and is not radiated. The radiation resistance is lower at the lower value of the collision frequency, for the same radius, which can be attributed to a stronger electromagnetic field confinement resulting from the better imaging properties of the lens at lower values of ν .
Note that the input reactance of the system increases its absolute value with an increase in the lens radius, which corresponds to decreasing the amount of radiated power. This is in qualitative agreement with earlier results [7, 10] where by means of source decomposition to a sum of a "purely radiating" and non-radiating parts it has been shown that the reactive power of a source is associated mainly with its non-radiating component. On a qualitative level, adding the lens between the two dipoles can be seen as "removing" their radiating part, since in fact no radiation is emitted in the presence of the lens. Adding the lens, however, means that the "source" now consists of two parts: the currents flowing in the antennae and the currents flowing inside the lens. The latter are represented by the current densities K and J in Eq. (3). It has been verified here that the increase of the input reactance corresponds to an increase of the reactive power of the system. Note, that at lower values of the collision frequency, where the properties of the system are closer to that of an "ideal" non-radiating configuration, the absolute value of the input reactance is larger.
Interestingly, all the quantities presented on Fig. 2 display a sequence of local minima and maxima at relatively low values of the lens radius. As can be seen from Fig. 2 two adjacent local maxima (or minima) correspond to an increase of the lens radius with one-half of the excitation wavelength. This behavior is somewhat similar to a "cavity effect" that has been noted previously [22] and occurs when the dimensions of the lens are not much bigger than the wavelength. The cavity effect [22] influences the field distribution inside and on the surface of the lens. Fig. 2 shows that the input resistance and reactance of the emitters also become affected. Examining the data shown in Fig. 2 reveals that the maxima occur when the distance between the center of the emitter and the rim of the LHM disc,
is equal to one of the numbers in the sequence λ , λ 1.5 , λ , λ . This behavior suggests that standing waves can be formed between the emitter and the rim of the disc. The LHM disc is impedance-matched to the air and no reflections of radiation should be possible, however, the radiation is coupled to the "plasmons" [22] that exist on the surface of the lens. These formations can be reflected from the rim of disc, which results in reflecting the radiation coupled to them.
In fact, Fig 2 shows that the input power, which would have been emitted in the absence of the lens, is absorbed in the relatively small volume presented by the lens. This means that strong electromagnetic fields are created in the region between the lens and the two emitters. To verify this Fig. 3 contrasts the magnetic field distribution around the two emitters in the absence of the lens (Fig. 3 (a) ) to that in its presence (Fig. 3(b) ). The input powers are roughly the same in the two cases but strong electromagnetic fields, shown in black or white colors on Fig. 3 , exist only in the region between the two emitters and the lens and inside the lens itself. Outside that region the electromagnetic field is weak. The ability of the system to create strong electromagnetic fields in a limited region of space may be useful for some applications, especially in the medical field.
In order to get an idea about how the system behaves with respect to the inevitable deviations from the "ideal" conditions, Fig. 4 ω is shown on (c). For a comparison the behavior of the same pair of dipoles but in the absence of the lens is also shown.
The same quantity is also plotted in the absence of the lens. Note that the relative changes of the emitted power, for a fixed deviation from the resonant frequency strongly depend on the collision frequency. The lower the collision frequency, the stronger the resonance, as expected physically.
We now turn our attention to the effect of introducing an object of relative dielectric
on the radiation properties of the system. Due to the cylindrical symmetry of the model, bodies of revolution are considered only. Nevertheless, generic conclusions can still be drawn.
A ring of internal radius P R , at a distance P Z from the surface of the lens and with a square-shaped cross section (in the z -ρ plane) (Fig. 1) is considered. The power ( )
emitted by the system is calculated as a function of the internal ring radius P R and the sensitivity of the system is defined as
It is verified that, for the set of parameter values chosen, when the ring is outside the lens ( L P R R ≥ ) its effect is very weak and the value ( )
is used as a reference value. For comparison, the sensitivity is calculated also in the absence of the lens. The cross section of the ring is an object of "sub-wavelength" dimensions and Figure 5 shows some numerical conclusions, where it can be seen that the sensitivity of a non-radiating configuration is significantly greater than that of the radiating system that is in place in the absence of the lens. The results shown in Fig. 5 (b) relate to a situation where the center of the ring is closer to the center of emitter 1 (compared to Fig. 5 (a) ) and the value of the collision frequency, associated with the losses in the LHM disc, is higher. This results in a lower "quality" of the system. Note, that even when the ring is well within the near zone of emitter 1 (Fig. 1) -the height of the ring is slightly larger than the antenna length -in the absence of the lens this results in about a 0.1 relative change of the emitted power compared to the case when no ring is present. In a similar situation, a value of 2 is obtained for the sensitivity if a non-radiating configuration is used. The sequence of local minima and maxima that can be seen in Fig.   2(b) , originate from the standing waves formed between emitter 1 and the ring. Fig. 5 . Comparison between the relative changes in the total emitted power for a nonradiating configuration ("lens") and a pair of dipoles with no lens ("no lens") resulting from the presence of a ring (see Fig. 1 ) of dielectric permittivity 4 = If the center of the ring is farther from the centers of any of the emitters, such as in the case of Fig. 2 (a) , then in the absence of the lens, the maximum sensitivity is of the order of 0.02-0.03. In the presence of the lens the maximum sensitivity is 8 (the collision frequency used to generate Fig. 2(a) is lower).
It is clear that an object placed in a region of strong electromagnetic field will change the configuration of that field. However, the important difference between perturbing a propagating field (e.g. the field created by the two antennae in the absence of the lens) and a non-propagating field (the field residing inside a non-radiating configuration) is that in the latter case the object becomes a source of electromagnetic radiation itself. Indeed, there is no radiation in the absence of the object. This radiation can be detected and, in principle, the presence of the object can be revealed. This suggests a possible use of a non-radiating configuration for sensor/detector applications. On the other hand, if the dimensions of the object are smaller than the wavelength, the disturbance (or the "shadow") that will be created by the object, in the case of a propagating field is likely to disappear over a relatively short propagation distance because the diffraction length associated with that disturbance will be small. Generally speaking, it should be easier to distinguish "presence" from "absence" of radiation, especially if large relative changes of the emitted power are associated with the two events (which is the case of a non-radiating configuration) rather than detecting tiny changes on a strong background, which is the case if propagating fields are transmitted through the object. Practical situations, where the latter feature will be useful may involve detecting the presence of small (sub-wavelength) particles in the ambient material. Another area of possible use may include some special security applications. By definition a non-radiating configuration does not create electromagnetic fields outside its own volume, which makes it hard to detect from outside. The only possibility of detecting it is by disturbing the nonpropagating field inside, but as we have shown, this will result in radiation emitted by the system, which will trigger the appropriate event.
The non-radiating system described so far is based on the destructive interference between the electromagnetic fields created by two identical wire dipoles. This is achieved by using a disc of LHM to couple the radiation produced by the two emitters, which are driven by π-out-of-phase voltages. In what follows the case of in-phase driving voltages is considered and the interference between the fields created by the two dipoles is constructive in this case. The question that is addressed is whether the coupling effect can improve the individual radiation properties of each of the dipoles. Figure 6 shows the input impedance together with the radiation resistance and the loss resistance as functions of the antenna length in three cases at a fixed value of the excitation frequency: The cases considered include (i) two dipoles coupled by the LHM disc, (ii) one of the dipoles being switched off so that only one of them is radiating and the LHM disc is present (iii) a single dipole emitting in the absence of the lens. Note, that apart from the range of very short antennae, introducing the LHM disc reduces the absolute value of the input reactance. Figure 6 Fig. 1 but driven with in-phase voltages as a function of the antenna length. The excitation frequency is fixed to 1 GHz, the value at which the index of refraction of the LHM disc is equal to minus 1. The input resistance ("Re") and input reactance ("Im") are shown in the following three cases on (a): both the dipoles are emitting and the lens is present ("2d+lens"); single dipole emitting in the presence of the lens ("1d+lens"); single dipole emitting in the absence of the lens ("no lens"). The ratio between the radiation resistance and the loss resistance in the presence of the lens for two dipoles emitting simultaneously ("2d+lens") and for a single dipole ("1d+lens") on (b). Radiation resistance in the presence of the lens with two dipoles radiating ("2d+lens") and one dipole radiating ("1d+lens") and of a single dipole in the absence of the lens ("1d, no lens") on (c). Loss resistance in the presence of the lens with single dipole radiating ("1d+lens") and the two dipole radiating simultaneously ("2d+lens") on (d). (Fig. 6 (a) ). This results in an increase of the individual input resistance of each of the two dipoles, compared to the case when a single dipole is acting alone. In contrast, if a single dipole is emitting, its input resistance obtained in the presence of the LHM and in its absence is practically the same value. Therefore coupling two relatively short dipole antennae leads to an improvement of their individual characteristics. In order to verify this conclusion the two components of the input resistance, namely the loss resistance and the radiation resistance, are considered separately in the regime of short antenna lengths. As shown in Fig 6 (b) the ratio between the radiation resistance and the loss resistance is larger if two dipoles are used. Besides that, Fig. 6 (c) shows that with one of the dipoles switched off the radiation resistance of the remaining one is even lower than that of a dipole with no LHM present. This indicates that the role of the LHM with only one short dipole emitting is reduced to introducing losses in the system. It should be emphasized that the use of the thin-wire model [28] [29] [30] [31] for the purposes of the present study is important. The use of the simpler "hard-" or "soft-source" models [25] requires a priori information about the current distribution in the wire. This is quite different from the case of a single dipole and no LHM disc because then the current distribution is known [27] . No such information is available in the presence of the LHM disc.
It has been shown recently [32, 33] that if an infinitesimal electric dipole is placed in a suitably chosen spherical shell made of an LHM, its radiation properties can be improved significantly. Here a similar effect is reported. In this case, however, the improvement originates from the coupling between two antennae, rather than from the presence of the LHM disc itself. As can be seen from Fig. 6 (a) the radiation properties of small antennae are poor -small radiation resistance and large reactance are obtained in this case. An attempt to seek an improvement is driven by demands for miniaturization. The effect of the losses on the performance of the system of the two dipoles coupled by the lens is shown on Figure 7 . As Fig. 7(a) shows, the radiation resistance increases with the decrease of the collision frequency. At the same time, as seen in Fig. 7(b) , the ratio between the radiation resistance and the loss resistance remains unaffected in a range of collision frequency values that map onto a fivefold increase of the collision frequency. The ratio between the radiation resistance increases at lower values of the collision frequency.
This increase can be understood by acknowledging that in the absence of losses the loss resistance must be zero. However, the case of very low collision frequency values is difficult to analyze numerically, because the system takes very long time to reach a stationary state [21] .
Conclusions
It is shown that the remarkable properties of left-handed metamaterials can be used to create a non-radiating electromagnetic configuration. The properties of the system proposed are studied in full numerical detail with the aim of identifying what possible applications such a system might have. It is shown that if the non-propagating electromagnetic field is disturbed by the intrusion of any object into the system it will begin to radiate, thus revealing the presence of that object. This combined with the property that a non-radiating configuration remains unaffected by objects outside the region occupied by its own non-propagating field suggests far-reaching possibilities. It is shown that coupling two identical short wire-dipoles, fed with in-phase voltages, with a disc made of LHM improves their radiation properties.
